To reach fertilization competence, sperm undergo an incompletely understood series of morphological and molecular maturational processes, termed capacitation, involving, among other processes, protein tyrosine phosphorylation and increased intracellular calcium. Hyperactivated motility and an ability to undergo the acrosome reaction serve as physiological end points to assess successful capacitation. We report here that acidic (pI 4.0) 86-kDa isoforms of a novel, polymorphic, testis-specific protein, designated calcium-binding tyrosine phosphorylation-regulated protein (CABYR), were tyrosine phosphorylated during in vitro capacitation and bound 45 
INTRODUCTION
Fertilization capacity is acquired by spermatozoa only after residence in the distinct microenvironments of the uterus or oviduct (depending on the species) for a finite period of time. The necessary series of changes, termed capacitation, was first described independently by Chang (1951 Chang ( , 1955 and Austin (1951) . Capacitation involves molecular changes in both the sperm head and tail, which allow defined physiological end points to occur, such as motility hyperactivation, a whiplash-like sperm tail motion, and regulated acrosomal exocytosis (Yanagimachi, 1994) . Hyperactivation is observed when sperm reach the oocyte and increase their flagellar bend amplitude and beat asymmetry (Yanagimachi, 1970; Suarez, 1988) , which are thought to enhance the ability of sperm to penetrate the egg vestments by increasing forward progression and lateral flagellar thrust (Suarez et al., 1993) .
Our understanding of the molecular mechanisms underlying capacitation and hyperactivation is rudimentary at present but there is evidence that Ca 2ϩ , cAMP, and protein tyrosine phosphorylation are involved. Capacitation can be 1 These authors contributed equally to this work. 2 To whom correspondence should be addressed at Department of Cell Biology, P.O. Box 800732, University of Virginia Health System, Charlottesville, VA 22908. Fax: (804) 982-3912. E-mail: jch7k@virginia.edu.
accomplished in vitro using cauda epididymal or ejaculated sperm incubated in defined media containing a protein source such as albumin, NaHCO 3 , and Ca 2ϩ , and energy substrates such as glucose, pyruvate, or lactate. Conditions conducive to in vitro capacitation lead to increased tyrosine phosphorylation of a subset of proteins in both mouse (Visconti et al., 1995a,b) and human sperm (Leclerc et al., 1996; Osheroff et al., 1999) . The removal of albumin, NaHCO 3 , or Ca 2ϩ from capacitation media prevents the occurrence of both tyrosine phosphorylation and capacitation (Visconti et al., 1995a) . Two protein substrates for this capacitation-related phosphorylation are members of the A kinase anchoring protein family, AKAP4 (originally called AKAP82 or Fsc1 in mouse) and AKAP3 (originally called AKAP95T, FSP95, or AKAP110), which are components of the fibrous sheath of the sperm tail (Mandal et al., 1999; Fulcher et al., 1995; Turner et al., 1998) .
Although little is known about the kinetics of intracellular calcium during capacitation (Yanagmachi, 1994) , a massive influx of Ca 2ϩ occurs during the acrosome reaction Meizel, 1988, 1989) , and extracellular calcium is required for sperm hyperactivation. If hyperactivated sperm are transferred to calcium-free media for 30 -60 min, none is hyperactive, but hyperactivation can be restored by addition of 2 mM calcium (Yanagimachi, 1982) . Calcium can increase flagellar bend amplitude in demembranated sperm (Lindemann and Goltz, 1988; Okuno and Brokaw, 1981) . Intracellular calcium [Ca 2ϩ ] in is increased in hyperactivated sperm in both the head and tail, and [Ca 2ϩ ] in oscillates with each flagellar bend (Suarez et al., 1993) , indicating a direct relationship between intracellular calcium and hyperactivation.
The cytosolic level of cAMP increases during capacitation (Visconti and Tezon, 1989) . Pharmacological stimulants that elevate intracellular cAMP, such as the phosphodiesterase inhibitors, caffeine, and pentoxifylline, enhance sperm hyperactivated motility (Yovich et al., 1990) , enhance penetration of cervical mucus, increase tight binding to homologous zona pellucida (Nassar et al., 1999a,b) , and increase fertilization (Johnston et al., 1994) . Calcium/ calmodulin is an activator of both mammalian sperm adenylate cyclase (AC) (Gross et al., 1987; Hyne and Garbers, 1979 ) and cyclic nucleotide phosphodiesterase (Wasco and Orr, 1984) , and sperm AC is stimulated by HCO 3 Ϫ anions (Garty and Salomon, 1987; Visconti and Kopf, 1998) . A soluble testicular adenylate cyclase has recently been cloned (Buck et al., 1999) and shown to be sensitive to bicarbonate (Chen et al., 2000) . Sperm protein tyrosine phosphorylation is accelerated by cAMP agonists, while antagonists of PKA inhibit tyrosine phosphorylation and capacitation (Galantino-Homer et al., 1997) . These and other observations (Leclerc et al., 1996; Vijayaraghavan et al., 1999; Carrera et al., 1996) suggest that sperm protein tyrosine phosphorylation and capacitation are under the regulation of a cAMP/PKA pathway, which is activated by elevated cytosolic levels of calcium and HCO 3 Ϫ anions. Mammalian sperm contain all three subtypes of the guanine nucleotide-binding regulatory proteins G i (Glassner et al., 1991) , and G proteins have been localized in particular to the sperm tail (Garty et al., 1988; Hinsch et al., 1992) where protein kinases A and C (Parisel et al., 1984; Rotem et al., 1990) have also been reported. A cyclic nucleotidegated Ca 2ϩ channel in mammalian sperm plasma membranes has been reported (Wiesner et al., 1998; , and N-and R-type Ca 2ϩ channels have been defined in mouse sperm (Wennemuth et al., 2000) .
We have initiated a proteomic-based strategy to identify targets at the intersection between the calcium and protein tyrosine kinase signal transduction pathways in human spermatozoa using two-dimensional (2D) gel analysis to identify sperm calcium-binding proteins and proteins phosphorylated by tyrosine kinases. The present report describes the sequencing, cloning, expression, and characterization of a novel testis and sperm-specific, calcium-binding protein, CABYR, that is expressed postmeiotically and localized in the sperm flagellum. This protein shows increases in acidic 86-kDa isoforms following capacitation, exhibits increased tyrosine phosphorylation during in vitro capacitation, and binds calcium specifically to acidic 86-kDa phosphorylated isoforms that are sensitive to dephosphorylation.
MATERIALS AND METHODS

Solubilization and Electrophoresis of Human Spermatozoal Proteins
Preparation of semen specimens and solubilization of sperm proteins were performed as previously described (Naaby-Hansen et al., 1997a) . For analytical two-dimensional (2D) electrophoresis the detergent/urea-extracted proteins in the presence of protease inhibitors were separated by isoelectric focusing (IEF) in acrylamide tube gels prior to 2D gel electrophoresis (SDS-PAGE), which was performed in a Protean II xi Multi-Cell apparatus (Bio-Rad, Richmond, CA) or on large-format (23 ϫ 23 cm) gels (Investigator 2-D Electrophoresis System; ESA), which were also employed for preparative 2D gel electrophoresis. Electrotransfer to nitrocellulose membranes and subsequent visualizing of the proteins by gold staining was accomplished as previously described (Naaby-Hansen et al., 1997a) , while electrotransfer to PVDF membranes (0.2 m pore size; Pierce) was carried out as described by Henzel et al. (1993) using the transfer buffer composition of Matsudaira (1987) (10 mM 3-[cyclohexylamino]-1-propanesulfonic acid, 10% methanol, pH 11). The immobilized proteins were visualized by staining in a solution containing 0.1% Coomassie R250, 40% methanol, and 0.1% acetic acid for 1 min, followed by destaining in a solution of 10% acetic acid and 50% methanol three times for 3 min each.
In Vitro Capacitation
Motile sperm were harvested by the swim-up method of Bronson and Fusi (1990) . A control sample was removed and snap frozen (Ϫ70°C), while the remaining sperm were resuspended in one of the following media: Dulbecco's PBS, BWW, human tubal fluid (HTF; Irvine Scientific, Santa Ana, CA) plus HSA (30 mg/ml), HTF plus HSA plus 2, 20, or 100 M progesterone, HTF plus HSA plus 100 M progesterone plus either 100, 200, or 400 M of genistein or daidzein (Akiyama et al., 1987) . Capacitation was achieved by incubating the samples at 37°C in 5% CO 2 with sperm removed at various time points and isolated by centrifugation.
Detection of Calcium-Binding Proteins
Calcium-binding proteins were demonstrated using a 45 Ca overlay assay modified from that described by Maruyama et al. (1984) . The experiment was replicated four times. In brief, the 2D gelseparated proteins were transferred to PVDF membranes (Jethmalani et al., 1994) , and the membranes were washed three times for 20 min each in a washing buffer (10 mM imidazole HCl, 60 mM KCl, and 5 mM MgCl 2 , pH 6.8) and incubated with 2 mCi/ml of 45 CaCl 2 in washing buffer for 30 min at room temperature. The membranes were subsequently rinsed for 2 min in distilled H 2 O followed by a 30-s rinsing in 50% ethanol and were air dried on filter paper for 15-20 min. The membranes were then dried by hot air from a hair dryer and exposed on phosphorimaging screens (Molecular Dynamics, Sunnyvale, CA) for 10 days. The use of PVDF, shortening of the final wash steps, and employment of phosphorimaging detection increased the signal-to-noise ratio compared to that achieved with the procedure originally proposed by Maruyama et al. (1984) . Some of the PVDF membranes were subsequently stained with Coomassie to localize the calciumbinding proteins within the total 2D protein pattern, while other membranes were used for Western blot analysis as described below. Computerized pattern analysis and densitometry of the autoradiograms and the stained membranes were performed employing the 2D Analyzer software (BioImage 2000), as previously described (Naaby-Hansen et al., 1997a,b) .
Generation of Antiserum against Gel-Purified CABYR
The 86-kDa Coomassie-stained protein spot was cored from three 1.5-mm-thick 2D SDS-PAGE gels of human sperm extracts. The gel cylinders were minced into a slurry in 1 ml of PBS and emulsified with an equal volume of complete Freund's adjuvant. A 600 l sample of this emulsion was intradermally injected into a New Zealand white rabbit, followed by two monthly subcutaneous booster injections of similarly prepared antigen with incomplete Freund's adjuvant. Serum was collected 10 days after each booster injection.
Dephosphorylation of Sperm Proteins
To examine the relationship between phosphorylation and calcium-binding capacity of the 86-kDa CABYR form, sperm from four individuals were capacitated for 5 h in HTF plus albumin, and the sperm were extracted in NP-40/urea and the extracts pooled. The lysate was divided and one aliquot was treated with 2 U/ml calf intestinal alkaline phosphatase (Boehringer Manheim) for 0.5 h at 37°C, while the other aliquot remained untreated.
Microsequencing of the 86-kDa Calcium-Binding Tyrosine-Phosphorylated Protein
The 86-kDa Coomassie-stained protein spot was cored from a 1.5-mm-thick 2D SDS-polyacrylamide gel and fragmented into smaller pieces. The protein was destained in methanol, reduced in 10 mM dithiothreitol, and alkylated in 50 mM iodoacetamide in 0.1 M ammonium bicarbonate. After removing the reagents, the gel pieces were incubated with 12.5 ng/ml trypsin in 50 mM ammonium bicarbonate overnight at 37°C. Peptides were extracted from the gel pieces in 50% acetonitrile in 5% formic acid and microsequenced by tandem mass spectrometry and by Edman degradation at the Biomolecular Research Facility of the University of Virginia. Five peptide sequences boxed in Fig. 3 were obtained by mass spectrometry. Differentiation of leucine and isoleucine in the sequences was determined by Edman sequencing of HPLC isolated peptides.
Cloning, Sequencing, and Analysis of cDNAs
A degenerate deoxyinosine containing sense primer (5Ј-GGI-CAG-CCI-GAG-GTI-CCI-GCI-CAA/G-C/TT-3Ј) was designed from peptide GQPEVPAQL and obtained from GIBCO BRL (Life Technologies, Gaithersburg, MD). Using this forward primer and an adapter primer (AP1), a 3Ј-RACE (rapid amplification of cDNA ends) PCR was performed with 0.25 ng of human testicular Marathon-ready cDNA (Clontech, Palo Alto, CA) in a 25 l assay system for 40 cycles. Thermal cycling was done in an MJ Research (Watertown, MA) thermal cycler (PTC-200 DNA engine) using a program of one 3-min cycle at 94°C followed by 40 cycles of denaturation, annealing, and elongation at 94°C for 30 s, 60°C for 1 min, and 68°C for 2 min. PCR products were separated on a 1.7% NuSieve (FMC BioProducts, Rockland, ME) agarose gel and a unique 1.0-kb DNA fragment was reamplified, cloned into the pCR 2.1-TOPO vector (Invitrogen, San Diego, CA), and sequenced on a Perkin-Elmer Applied Biosystems DNA sequencer using BigDye fluorescence dye terminator chemistry with Taq DNA polymerase (Perkin-Elmer, Branchburg, NJ). The 3Ј clone contained 1001 bp, including a portion of coding region A (CR-A) and all of coding region B (CR-B). The 5Ј end of the cDNA was also amplified by 5Ј RACE PCR from the same template using an adapter primer (AP1) and an antisense 3Ј gene-specific primer (5Ј-TTA-TTC-AGC-TGT-TGA-TTC-CCC-TTC-TGG-TTC-AAT-TTC-TGG-3Ј), which was 263 bp downstream from the 5Ј end of the 1.0-kb 3Ј clone. A product of 1530 bp was obtained and cloned into the pCR 2.1-TOPO vector. The 5Ј clone revealed a 48-bp untranslated region and an open reading frame of 1479 bp. The cDNA clones were sequenced in both directions using vector-derived and insertspecific primers. The nucleotide and amino acid sequence data were assembled. The PRINTS (Attwood et al., 1998) database was accessed at http://www.biochem.ucl.ac.uk/bsm/dbbrowser/ PRINTS/PRINTS.html and the BLOCKS (Henikoff and Henikoff, 1994) analysis was carried out on the BLOCKS server at http:// www.blocks.fhcrc.org/. Psi-BLAST (Altschul et al., 1997) was carried out at the BLAST server http://www/ncbi.nlm.nih.gov/cgibin/BLAST/nph-psi_blast. FASTA (Pearson and Lipman, 1988) was carried out on a local server. Determination of potential phosphorylation and EF hand motifs were analyzed using 70% similarity at the http://npsa-pbil.ibcp.fr/cgi-bin/npsa_automat.pl?pageϭnpsa_ prosite.html web site.
Cloning of alternatively spliced forms of the transcript was performed by probing a 5Ј-Stretch DR2 human testis cDNA library (Clontech) according to the manufacturer's instructions with the full-length 32 P-labeled cDNA obtained through the RACE protocol. Purified tertiary plaques were converted to their plasmid forms, plated, and grown in LB broth, and the plasmid DNA was isolated by Qiagen Mini-Kit columns (Qiagen, Valencia, CA) before sequencing with both plasmid and gene-specific primers.
Northern and Dot-Blot Analyses
A Northern blot containing 2 g of poly(A) ϩ RNA from eight selected human tissues and a normalized RNA dot-blot containing 89 -514 ng of mRNA from 50 different human tissues were obtained from Clontech. The Northern blot was probed with a 32 P-labeled 1479-bp DNA corresponding to bps 49 -1527 of CR-A. Probes were prepared by random oligonucleotide primer labeling (Feinberg and Vogelstein, 1983) . Hybridization was performed in ExpressHyb solution (Clontech) at 68°C for 1 h, followed by three washes in 2ϫ SSC, 0.05% SDS at room temperature, and two washes in 0.1ϫ SSC, 0.1% SDS for 20 min at 50°C. The blot was exposed to X-ray film at Ϫ70°C for 60 h with two intensifying screens. The dot-blot was probed with the same 32 P-labeled cDNA corresponding to coding region A. The blot was hybridized in ExpressHyb solution (Clontech) containing salmon sperm DNA and human placental Cot-1 DNA overnight at 65°C. The blot was then washed three times in 2ϫ SSC, 1% SDS at 65°C, followed by two additional washes in 0.1ϫ SSC, 0.5% SDS at 55°C, and finally washed twice at 65°C in this solution for 20 min before exposing the filter to X-ray film for 24, 48, and 72 h at Ϫ70°C with two intensifying screens.
Expression and Purification of the Recombinant Protein and Antibody Production
The cDNA encoding CR-A of CABYR was amplified by polymerase chain reaction from human testicular Marathon-ready cDNA (Clontech). Primers were designed to create a NcoI site at the 5Ј end and a NotI site at the 3Ј end of the polymerase chain reaction product. The amplified cDNA was cloned into the NcoINotI sites of the pET28b expression vector (Novagen, Madison, WI) and Escherichia coli strain BL21(DE3) was transformed with the plasmid construct. The resulting construct appended six residues of histidine on the C-terminus of the protein. The expression plasmid construct was sequenced at the 5Ј and 3Ј ends to verify the reading frame of the construct.
A single positive colony was used to inoculate 10 L of LB broth with 30 mg/ml kanamycin and grown at 37°C until the A 600 reached 0.6. The recombinant protein expression was induced for 3 h with 1.0 mM IPTG (isopropyl-1-thio-␤-D-galactopyranoside). The cells were then transferred to 1ϫ binding buffer (20 mM Tris-HCl, pH 7.9, 0.5 M NaCl, 5 mM immidazole) containing 0.1% NP-40 (Sigma, St. Louis, MO) and 0.1 mg/ml lysozyme on ice for 30 min, and sonicated briefly. The insoluble pellet resulting from centrifugation at 15,000g for 15 min was dissolved in 6 M urea in 1ϫ binding buffer for 1 h on ice. After recentrifugation at 15,000g for 15 min the urea soluble fraction was loaded onto a Ni 2ϩ -activated His-binding resin column (Novagen) following the manufacturer's protocol, and the recombinant protein was eluted with 300 mM imidazole in 1ϫ binding buffer containing 6 M urea. The affinity-purified recombinant protein was used for immunization of female Lewis rats (200 g/rat) in Freund's complete adjuvant. Animals were boosted twice at an interval of 14 days with 200 g of recombinant protein in incomplete Freund's adjuvant and serum was collected 7 days after each boost.
Immunoblotting
Western blotting was performed as described previously (Mandal et al., 1999) , employing a 1:3500 dilution of the rabbit antiserum raised against gel-purified CABYR antigen and a 1:2500 dilution of the rat antiserum to rCABYR. Sperm proteins phosphorylated on tyrosine residues were identified by immunoblotting with horseradish peroxidase-conjugated anti-phosphotyrosine monoclonal antibody RC-20 (Transduction Laboratories, Lexington, KY) at a 1:2500 dilution in 10 mM Tris (pH 7.5), 0.1 M NaCl, and 0.05% Tween 20 for 20 min at 37°C (Ruff-Jamisson et al., 1993) .
Localization of CABYR in the Seminiferous Epithelium of Human Testis
Testes were obtained from three patients undergoing elective orchiectomies. Testes were sliced once with a razor blade and immersed in neutral buffered formalin (4%) solution (Sigma) for 1 h. The tissue was then minced and placed into fresh fixative overnight. The tissue was dehydrated in a graded series of ethanols, cleared in xylene, and embedded in paraffin. Sections (2.5 m thick) were cut, mounted onto slides, deparaffinized, rehydrated, and permeabilized with 100% methanol. Sections were incubated in blocking solution containing 10% normal goat serum (NGS) in PBS, incubated with anti-rCABYR antiserum or preimmune serum (1:200) in PBS containing 1% NGS (PBS-NGS), washed, incubated with FITC-labeled goat anti-rat IgG (1:400; Jackson ImmunoResearch, West Grove, PA) in PBS-NGS, washed, and mounted with Slow Fade (Molecular Probes, Eugene, OR) containing DAPI II counterstain (Vysis, Downers Grove, IL). Sections were observed by epifluorescence microscopy using a Zeiss microscope. Individual blue and green fluorescent images were obtained using a digital camera (Hamamatsu) and compiled using Openlab software (Improvision, Inc., Boston, MA).
Indirect Immunofluorescence of Human Sperm
For immunofluorescence studies fresh human sperm were harvested over a discontinuous 55%/80% Percoll gradient and subsequently washed three times with Ham's F-10 media. The sperm were counted using a hemocytometer and diluted to a concentration of 1 ϫ 10 6 sperm/ml. A 20 l aliquot of the sperm suspension was added per well (2 ϫ 10 5 sperm) onto poly-L-lysine-coated slides. The slides were dried at 40°C and then methanol fixed for 10 min. In some experiments no fixation was performed and the sperm were simply air dried onto the slide. After washing three times for 5 min each in PBS, the slides were frozen at Ϫ70°C for 1 week. All subsequent incubations were done in a humid chamber. The preparations were blocked in 10% NGS in PBS with 0.05% Tween 20 (PBS-tw) for 30 min. The primary antiserum, either rabbit anti-CABYR antiserum or rat anti-recombinant CABYR and their preimmune controls, was diluted 400-fold with 10% NGS in PBS-tw and incubated with the specimen overnight at 4°C. The slides were then washed three times for 5 min each in PBS-tw, and the secondary antibody, goat anti-rabbit IgG FITC conjugated (Jackson ImmunoResearch) or goat anti-rat IgG FITC conjugated (Jackson ImmunoResearch), were applied at 1:200 dilutions in 10% NGS in PBS-tw for 1 h at 37°C. The slides were washed three times for 5 min each in PBS-tw, and Slow Fade-Light Antifade Kit (Molecular Probes) was used to reduce the fading rate of the fluorescein.
Electron Microscopic Localization
Sperm from four donors were pooled and washed twice by centrifugation at 550g in wash buffer [Ham's F10 Nutrient Mixture (Gibco/BRL) with 3% sucrose]. The washed sperm were resuspended in fixative consisting of 4% paraformaldehyde and 0.2% glutaraldehyde in wash buffer for 15 min at room temperature. After removing fixative by centrifugation and washing three times with wash buffer, the sperm were dehydrated through a graded series of ethanols, from 40% to 100%. The cells were infiltrated with and embedded in Lowicryl K4M (EM Science, Fort Washington, PA) according to the manufacturer's recommendations. The blocks were polymerized with UV light for 72 h at Ϫ20°C and ultrathin sections of 100 nm thickness were cut.
Nonspecific sperm-antibody interactions were blocked by incubating the sections in undiluted normal goat serum for 15 min at room temperature and washing once with wash buffer. Rat antiserum to rCABYR and preimmune serum were diluted 1:50 in wash buffer with 1% normal goat serum, 1% bovine serum albumin, and 0.05% Tween 20. Lowicryl sections were incubated with diluted anti-rCABYR or wash buffer alone at 4°C for 16 h. After washing four times in wash buffer, they were incubated for 1.5 h at room temperature with 5 nm gold-conjugated secondary antibody, goat anti-rat IgG (Goldmark Biologicals, Phillipsburg, NJ) diluted 1:35 in wash buffer. The sections were washed with distilled water and stained with uranyl acetate before examination with a JEOL 100CX electron microscope (JEOL, Peabody, MA).
RESULTS
Identification and Characterization of CalciumBinding Proteins (CBPs) in Human Spermatozoa
The 45 Ca overlay technique of Maruyama et al. (1984) was employed on 2D blots of human sperm proteins to identify more than 20 calcium-binding protein spots (CBPs) in the range 12.5-115 kDa and pIs of 3.8 to 5.3 (Fig. 1A) . The relative intensity of each spot, indicative of the concentration of the binding protein and/or its calcium-binding capacity, was determined by computer densitometry. More than 90% of the 45 Ca was bound by 11 major CBPs migrating at MWs (kDa)/pI of 86/4.0, 80.4/4.3, 60.5/4.2, 55/4.9, 55/5.25, 26.5/5.2, 25/4.6, 24.7/4.75, 16.5/3.9, 15.8/4.7, and 14.5/3.95 in four replications of the experiment. The 45 Ca overlay procedure, which was conducted at pH 6.8, did not detect human sperm CBPs in the neutral and basic areas (pH 6.2-8.5) of the IEF/PAGE gels (Fig. 1A) . The protein that bound the majority (60%) of the 45 Ca (9 in Fig. 1A1 ) was identified as calmodulin (CaM), based on its electrophoretic migration at 16.5 kDa and pI of 3.9.
Three prominent calcium-binding proteins migrating at 86 (84 -88) kDa/4.0 (3.9 -4.1), 60.5 kDa/4.2, and 26.5 kDa/ 5.2 (labeled 1, 3, and 6, respectively, in Fig. 1A ) were excised and microsequenced by CAD Mass Spectrometry (MS). Five internal peptide sequences and 15 N-terminal amino acids were obtained from the 60.5-kDa CBP (Fig. 1A, spot 3) , which identified the protein as calreticulin (CRT). The 26.5-kDa CBP (Fig. 1A, spot 6 ) was previously identified as a human sperm surface protein by vectorial labeling with 125 I and was also detected in human seminal fluid (NaabyHansen et al., 1997a). Six peptide sequences obtained by MS and 22 N-terminal amino acids obtained by Edman degradation identified the 26.5-kDa CBP as serum amyloid P-component precursor (SAP). Calcium binding to CaM and SAP resides within EF hand motifs, while CRT's calcium binding occurs in repeated, polyacidic C-terminal domains. The ability of these proteins to bind 45 Ca validated the sensitivity and specificity of the 45 Ca overlay procedure on 2D gels.
The train of silver-stained protein spots at ϳ 86 kDa, pI 4.0 (box in Fig. 1B ) was the second most intense staining region on the autoradiogram after calmodulin (Fig. 1A) . Silver staining (Fig. 1B) showed several isoforms, varying slightly in mass and charge (insert in Fig. 1B) . It is this cluster of proteins to which we have given the name CABYR, for calcium-binding tyrosine phosphorylationregulated protein. The acidic isoforms of CABYR bound more calcium than that bound by the more basic isoforms, even though the two differentially charged groups of CABYR showed similar staining with silver nitrate (black reference arrowheads in Figs. 1A and 1B). The center of this peptide cluster was cored for microsequencing and five peptides obtained after tryptic digestion of the excised 86-kDa spot did not match any known peptide sequences in any protein or gene database. These peptides obtained by microsequencing are boxed in Fig. 3 . Later, the acidic region of 86-kDa form was also microsequenced, producing nine peptides (including six new peptides), all of which exactly matched regions within the protein deduced from coding region A (CR-A; new peptides not marked in Fig. 3 ).
CABYR Undergoes Tyrosine Phosphorylation during in Vitro Capacitation
Proteins phosphorylated on tyrosine residues during in vitro capacitation in albumin-containing capacitation media were identified on 2D immunoblots of freshly ejaculated sperm or from sperm capacitated for 3 or 6 h by staining with the monoclonal anti-phosphotyrosine antibody RC-20. After 3 and 6 h of in vitro capacitation a significant increase was observed in tyrosine phosphorylation of several sperm proteins, including AKAP3 (fibrous sheath protein 95) and the 86-kDa forms of CABYR (Fig.  2A3 ) when compared to the uncapacitated samples. Following 3 h of capacitation the major acidic (pI ϳ 4.0) tyrosine phosphorylated component was a 64-kDa protein (upward white arrowhead in A2 and A2Ј). However, after 6 h of capacitation the intensity of the 64-kDa protein had diminished and the dominant tyrosine phosphoprotein in the acidic region of the gel was the 86-kDa form of CABYR (compare A2Ј with A3Ј).
Tyrosine phosphorylation of the 86-kDa form of CABYR varied with the composition of the capacitation medium (Fig. 2B) . Tyrosine phosphorylation of the 86-kDa form of CABYR in human tubal fluid plus albumin (Fig. 2B2 ) was higher than that observed in Dulbecco's PBS (Fig. 2B1) . Interestingly, addition of 100 M progesterone to the HTF ϩ albumin-containing capacitation media further enhanced the phosphorylation of the most acidic CABYR isoforms (Fig. 2B3) . Capacitation-induced tyrosine phosphorylation of the 86-kDa CABYR isoforms was inhibited in a concentration-dependent manner by treatment with the tyrosine kinase inhibitor, genistein (Fig. 2B4) , while similar concentrations of the analogue, daidzein (Akiyama et al., 1987) had an inhibitory effect on phosphorylation of CABYR but not FSP95 (AKAP3; Fig. 2B5 ).
Cloning of CABYR cDNAs
A degenerate inosine-containing forward primer, designed from the peptide GQPEVPAQL (Fig. 3) , was employed to amplify a 1.0-kb region of cDNA by 3Ј-RACE PCR from human testicular Marathon-ready cDNA (Clontech, A 1530-bp 5Ј-cDNA fragment, including a 48-bp untranslated region, was similarly amplified and cloned using standard 5Ј-RACE PCR with an antisense 3Ј reverse primer generated to a sequence 263 bp downstream from the 5Ј end of the 1.0-kb 3Ј clone. A nucleotide sequence for a composite 2228-bp CABYR cDNA (Fig. 3) was obtained by sequencing the two PCR fragments in both directions. This 2228-bp cDNA (Fig. 3) was the longest CABYR cDNA obtained and was submitted to the GenBank database under accession number AF088868. This cDNA was 32 P-labeled and employed to screen a human testicular DR2 5Ј-Stretch cDNA library (Clontech). Phage isolates were digested with restriction endonuclease, grouped according to restriction fragment sizes, and sequenced to yield several cDNAs (also of 2228 bp) as well as five alternative splice variants, which were submitted to GenBank under accession numbers AF295037, AF295038, AF295039, AF329634, and AY007205 (Fig. 4) .
Analysis of these cDNAs led to the conclusion that alternative splicing occurs and the CABYR sequence may be discussed in terms of two coding regions, CR-A and CR-B. CR-A began at bp 49 and ended at bp 1527 (codons 1-494) with a stop codon TAA at bps 1528 -30, yielding a predicted protein of 493 amino acids with a mass of 52.8 kDa and pI of 4.5. Fifteen in-frame nucleotides (1531-1545) then separate CR-A from the splice junction that initiates CR-B. CR-B (nucleotides 1546 -2145) encodes a peptide that entirely or in part serves as the carboxy terminus on three CABYR variants (AF295037, AF295038, and AF295039). Splice variants were sequenced containing alternative start codons at bps 49 -51 (AF088868, AF295037, AF295039, AF329634), bps 343-345 (AF295038), or bps 652-654 (AY007205). These splice variants contained deletions of a small N-terminal region of CR-A (AF329634, AF295038), a major portion of CR-A (AF295037, AF295038), and a large domain spanning CR-A and B (AF295039). These cDNAs predict CABYR proteins of 24, 30, 31, 41, 51, and 53 kDa (Fig. 4) .
Motif Analysis of Splice Variants Revealed RII Dimerization, Potential EF Hand, Pro-X-X-Pro (PXXP), and Extensin Domains
All five of the tryptic peptides microsequenced by MS from the original 86-kDa spot excised from the 2D gel ( Fig. 1) were recovered in the predicted amino acid sequence of CR-A. This finding validated that cDNAs corresponding to the 86-kDa protein spot originally identified as a Ca 2ϩ -binding protein and cored from preparative 2D gels had been cloned.
Computer analyses to ascertain functional domains of CABYR revealed that a 98 amino acid stretch at the N-terminus of CABYR (residues 10 -108) bore 30% identity to the testis-specific sperm protein SP17 (Richardson et al., 1994; Kong et al., 1995; Lea et al., 1996) . Importantly, embedded within this domain, sequence similarity to the regulatory subunit of type II cAMP-dependent protein kinase was noted (shaded, Fig. 3 ). In particular, Tyr 12 -Arg 48 bore a 46% identity and 59% similarity to amino acids 1-37 of RII␣ consensus sequence (Newlon et al., 1999) . This amino terminal region of RII contains both the RII dimerization domain and the AKAP-binding domain (Newlon et al., 1999) .
A possible EF handlike motif was present at aas 197-209, where 70% similarity was found to the consensus EF hand sequence at the Prosite access number PDOC00018. The critical invariant glutamic acid residue at position 12, which provides two oxygens for binding calcium, was conserved in CABYR. CR-A and CR-B contained seven and four possible tyrosine phosphorylation sites, respectively. Five PXXP consensus motifs, the cognate sites for SH3 interaction, were present in CR-A (aas 144 -147, 153-156, 169 -172, 396 -399, 471-474) and three were present in CR-B (aas 34 -37, 50 -53, 146 -149) .
The 5Ј region of CR-B is proline rich and contains two proline triplets, while overall, CR-B contains three cysteine residues. A BLAST search revealed the highest alignment score to be a 40% similarity (25% identity) between aa 45 and aa 149 of CR-B and the proline-rich extensin glycoprotein found in plant cell walls (Keller and Lamb, 1989) . Extensins are members of the hydroxyproline-rich glycop-
FIG. 2. Tyrosine phosphorylation of CABYR during "in vitro " capacitation. (A-B)
Immunoblots of tyrosine phosphorylated proteins detected with the monoclonal anti-phospho-tyrosine antibody RC-20. (A) Uncapacitated (A1), or 3-h (A2) and 6-h capacitated (A3) human sperm. More than 50 proteins or groups of tyrosine-phosphorylated proteins were resolved after 6-h capacitation (A3). Increases in the number and intensity of tyrosine-phosphorylated proteins with the period of capacitation are noted, especially (inserts A2Ј and A3Ј) in high-molecular-weight acidic proteins. A 64-kDa phosphotyrosine protein was prominent after 3 h in vitro capacitation (insert A2Ј). The 86-kDa form of CABYR was prominently phosphorylated after 6 h of capacitation. AKAP3 and VCP showed a gradual increase in tyrosine phosphorylation over the observation period. (B) The degree of tyrosine phosphorylation after 6 h of capacitation of CABYR isoforms (B1) was increased by human tubal fluid (HTF, B2) or HTF plus progesterone (B3) and inhibited by genistein (B4) or daidzein (B5). Upward arrowhead is reference location. The downward arrow in B2 notes the position of an acidic spot in B3 that demonstrated increased tyrosine phosphorylation upon addition of progesterone to the capacitation media. Progesterone further enhanced phosphorylation of other proteins as indicated by white, oblique arrows in B3.
rotein family (HRGPs) and contain a characteristic pentapeptide repeat Ser-Pro 4 (Chen and Varner, 1985) , which in CR-B may be represented by a modified Ser-Pro 3 domain at aas 32-35. Interestingly, a similar Ser-Pro 3 motif is present in CR-A at position 155-158.
Genomic Locus of CABYR
A search of the human genome databases located the CABYR gene on chromosome 18 at 18q12.2 (human genomic contig sequence accession number NT_011044.5). There are five CABYR exons spanning 18.5 kb of genomic DNA.
CABYR Transcripts Are Testis Specific
A 32 P-labeled cDNA probe corresponding to CR-A was employed for Northern analysis of mRNA from several tissues (Fig. 5A ) and a dot-blot (Fig. 5B) containing mRNAs from 50 distinct human tissues (Clontech). Interestingly, two broad bands of approximately 2.4 and 1.4 kb were noted in the testicular mRNA (Fig. 5A ), indicating that several CABYR messages of different sizes were expressed in the human testis, a finding in concert with the cloning and sequencing of six cDNAs, including five splice variants noted above. The broad 2.4-kb transcript (Fig. 5A ) detected in pooled human testicular mRNAs may be accounted for by the largest cDNA (AF088868) and AF329634, which deletes a small N-terminal region of CR-A, while the 1.4-kb transcript may be accounted for by the other splice variants with their deletions. Importantly, CABYR transcripts were expressed in testis ( Fig. 5A and Fig. 5B , spot D1) but not in other human tissues.
Western Analyses with Antiserum to Recombinant CABYR Indicate CABYR Protein Polymorphism
The cDNA corresponding to the entire CR-A was cloned into the bacterial expression vector pET28b and introduced into BL21(DE3) cells. The expressed recombinant protein (apparent M r ϳ 78 kDa) was purified by immobilized metal affinity chromatography using Ni 2ϩ -Sepharose column (Fig.  6A) . Antiserum against purified rCABYR was subsequently raised in female rats and demonstrated to recognize the recombinant immunogen on Western blot (Fig. 6B ). When reacted with human sperm proteins (Fig. 6C) , this monospecific rat antiserum to rCABYR recognized multiple protein spots on 2D Western blots. This 2D Western blot was repeated using a rabbit antisera to gel-purified CABYR and the results were identical (data not shown). Immunoreactive species migrated in five major groups based on size:
(1) 27-38 kDa; (2) 38 -42 kDa; (3) 50 -56 kDa; (4) 63-72 kDa; and (5) 81-87 kDa. The finding of similar patterns of CABYR isoforms on 2D gels probed with antisera to both the gel-purified and recombinant CABYR confirmed that alternative splice variants identified as cDNAs during cloning were expressed at the protein level, resulting in considerable CABYR heterogeneity.
Localization of CABYR in the Seminiferous Epithelium
Immunofluorescent localization of CABYR in the human testes using the antibody to recombinant CABYR showed staining of round and elongating spermatids in the seminiferous epithelium and testicular spermatozoa within the lumen of the tubules, indicative of a postmeiotic pattern of expression of the CABYR gene. The staining patterns suggested a gradual migration of the CABYR protein from a diffuse cytoplasmic localization in round spermatids to the posterior pole of early spermatids and then to the flagellum as the tail formed (Fig. 7) . The preimmune serum from the identical animal did not stain the testis. Testes from three patients showed identical localization patterns.
Localization of CABYR to the Principal Piece of the Mature Human Sperm Flagellum by Immunofluorescence and Immunoelectron Microscopy
Antibodies raised against rCABYR recognized the entire length of the principal piece of ejaculated methanol-fixed spermatozoa with an intense signal by indirect immunofluorescence microscopy, while both the midpiece (Fig. 8A1 ) and the endpiece (Fig. 8C, insert) exhibited much fainter staining patterns (Fig. 8A) . No CABYR immunofluorescence was noted in the human sperm head in these noncapacitated sperm. Importantly, no immunofluorescence staining was observed on live motile sperm, indicating that CABYR epitopes were not accessible on the plasma membrane. A similar staining pattern was achieved with the antiserum raised against gel excised CABYR (data not shown).
When the distribution of CABYR in freshly ejaculated human sperm was examined by electron microscopic immunocytochemical staining, gold particles were distributed over the fibrous sheath compartment, including the surface of the longitudinal columns and ribs. Smaller numbers of gold particles were present in the periaxonemal space (Figs.  9A-9C) . CABYR was not detected in the annular ring or mitochondrial sheath (Fig. 9A ). There was no evidence for CABYR localization within the axoneme in either the principal piece (Fig. 9B) or distal to the termination of the outer dense fibers (Fig. 9C) .
The 86-kDa Forms of CABYR Increase with Capacitation
Comparison of the 86-kDa CABYR isoforms on silverstained gels of noncapacitated and 5-h capacitated sperm revealed that the amount of silver staining of the acidic isoforms increased after capacitation (Figs. 10A1 and 10A2 ). Other proteins, including the calcium-binding protein calreticulin, did not show similar capacitation-dependent changes. When noncapacitated and capacitated sperm extracts were similarly evaluated on 2D Western blots using the antibody to recCABYR, an increase in the number of acidic isoforms was detected following capacitation (Figs. 10B2 and 10B3) . These were the same acidic CABYR forms that showed increased tyrosine phosphorylation during capacitation (Figs. 2B2 and 2B3) .
Dephosphorylation Affects the Formation of the 86-kDa CABYR Form and Its Ability to Bind Calcium
The patterns of immunoreactive 86-kDa CABYR were altered in 5-h capacitated sperm samples following dephosphorylation with alkaline phosphatase (Fig. 11A) . After dephosphorylation the amount of the acidic and basic isoforms of 86-kDa CABYR were decreased on immunoblots, with the acidic isoforms showing greater reduction (Fig. 11A2) . Comparison of 45 Ca binding to untreated and alkaline phosphatase-treated sperm proteins after 5 h of capacitation (Fig. 11B) revealed that 45 Ca readily bound to the acidic (phosphorylated) isoforms of CABYR in untreated sperm extracts (Fig. 11A) . However, in extracts treated with alkaline phosphatase prior to electrophoresis, the calciumbinding capacity of the 86-kDa form of CABYR was abolished ( Fig. 11B) , while calcium binding to calreticulin was unaffected. Taken together, these observations indicate that the 45 Ca binding capacity of the 86-kDa form of CABYR is dependent on phosphorylation.
FIG. 5. Tissue specificity of CABYR transcript. (A) Multiple
tissue Northern blot; CABYR cDNA corresponding to CR-A was radiolabeled with 32 P and hybridized to 2 g poly(A) ϩ mRNAs revealing 2.4-and 1.4-kb messages only in testicular RNA. Size of molecular weight markers is indicated at left. The lower part of the image shows the identical blot probed with ␤-actin cDNA as a positive control. (B) Dot-blot tissue-mRNA Northern probed with 32 P-labeled CABYR cDNA revealed hybridization only in testis (D1). Grid of normalized (100 -500 ng) poly(A) ϩ mRNAs isolated from various tissue sources. A1-A8: whole brain, amygdala, caudate nucleus, cerebellum, cerebral cortex, frontal lobe, hippocampus, medulla oblongata; B1-B7: occipital lobe, putamen, substantia nigra, temporal lobe, thalamus, subthalmic nucleus, spinal chord; C1-C8: heart, aorta, skeletal muscle, colon, bladder, uterus, prostate, stomach; D1-D8: testis, ovary, pancreas, pituitary gland, adrenal gland, thyroid gland, salivary gland, mammary gland; E1-E8: kidney, liver, small intestine, spleen, thymus, peripheral leukocyte, lymph node, bone marrow; F1-F4: appendix, lung, trachea, placenta; G1-G7: (all fetal) brain, heart, kidney, liver spleen, thymus, lung; H1-H8: 100 ng total yeast RNA, 100 ng yeast tRNA, 100 ng E. coli rRNA, 100 ng E. coli DNA, 100 ng poly r(A), 100 ng Cot-1 human DNA, 100 ng human DNA, 500 ng human DNA.
DISCUSSION
The Acidic 86-kDa Isoforms of CABYR Represent a New Sperm-Specific Calcium-Binding Protein
When proteins from swim-up human sperm were reacted with 45 Ca on 2D gel autoradiograms, only calmodulin gave a stronger calcium signal than the 86-kDa phosphorylated isoforms of CABYR.
45 Ca bound to protein spots that yielded mass spec microsequences for known calciumbinding proteins such as calreticulin and serum amyloid P-component precursor, verifying the sensitivity and specificity of the calcium overlay procedure and suggesting that the robust calcium-binding capacity of CABYR was authentic. Although other immunoreactive forms of CABYR evidence a range of masses and charges on 2D immunoblots, the calcium-binding property appears to be unique to the acidic phosphorylated 86-kDa isoforms with pI of approximately 3.8 -4.0. The testis specificity of the CABYR messages by Northern and dot-blot analyses coupled to the immunolocalization of CABYR protein to spermatids in the testis and to the flagella of ejaculated sperm indicate that CABYR is a calcium-binding protein unique to the spermatogenic lineage.
Five lines of evidence currently indicate that the 86-kDa protein represents a monomeric form of CR-A that migrates higher than its predicted size (53 kDa). (1) The 86-kDa spot was microsequenced on two occasions, obtaining five and nine peptides, respectively, all of which matched exactly with peptides contained only in CR-A. (2) Expression of the 53-kDa CR-A in E. coli (Fig. 6A) showed migration at ϳ78 kDa, indicating that a full-length CR-A recombinant protein shows higher apparent M r , suggesting the higher M r is intrinsic to this protein. (3) The authenticity of the stop codon at the end of CR-A was confirmed by PCR-amplified fragments, multiple cDNA library clones (see Fig. 4) , and also by genomic sequence analysis. (4) No translational readthrough at this stop codon was observed either in E. coli or in in vitro rabbit reticulocyte lysate systems, despite expression studies (data not shown). (5) Finally, the deduced pI of CR-A is 4.5. This pI is slightly higher than that observed in sperm (pI 4.0) but is close enough to suggest the 86-kDa form may be accounted for by CR-A. The very acidic nature of CR-A of CABYR may contribute to the higher apparent M r . Forms III and VI have deduced pIs of 8.7 and 7.7, respectively.
Tyrosine Phosphorylation of the Acidic 86-kDa Forms of CABYR Occurs during in Vitro Capacitation
Increased tyrosine phosphorylation of acidic 86-kDa isoforms of CABYR occurred during capacitation. After 6 h of capacitation the 86-kDa isoforms were prominently phosphorylated. This was accompanied by an increase in the silver staining of the acidic 86-kDa isoforms, suggesting either the amount or argyrophilicity of 86-kDa protein increased during capacitation. The acidic isoforms of CABYR (pI of 4.0) were also the forms that bound 45 Ca, and calcium binding to these isoforms was dramatically reduced when the capacitated sperm sample was dephosphorylated with alkaline phosphatase prior to electrophoretic separation. It was notable that calreticulin served as a positive control in this experiment since it did not lose calcium-binding capability after the capacitated sperm extract was treated with alkaline phosphatase. These data indicate that phosphorylation is essential for calcium binding to CABYR and suggest a phosphorylation-dependent calcium-binding conformation, possibly an assembled domain.
Computer analysis revealed a single putative EF hand motif at aas 197-209, possessing 70% similarity to the consensus EF hand sequence available in the Prosite database and conserving the critical calcium-binding glutamic acid at position 208. It remains to be seen whether this is a functional EF hand similar to other atypical low-affinity EF hand motifs such as found in the S-100/ICaBP family of proteins (Kligman and Hilt, 1988) . Together these observations point to a model involving sequential phosphorylation and acquisition of the calcium-binding capacity of the 86-kDa form of CABYR during the capacitation period. To our knowledge, CABYR represents the first example of calcium binding to a human sperm protein that is tyrosine phosphorylated during capacitation. Capacitation-dependent increases in tyrosine phosphorylation of a subset of proteins in both mouse (Visconti et al., 1995a,b) and human sperm (Leclerc et al., 1996; Osheroff et al., 1999) have previously been noted on one-dimensional gels; however, only a few of the protein substrates have been identified and cloned. The cloning and characterization of CABYR adds a third protein substrate to AKAP4 (originally called AKAP82 or Fsc1 in mouse) and AKAP3 (originally called AKAP95T, FSP95, or , and FITC-conjugated secondary antibodies. Purple DAPI II counterstaining of nuclear DNA was employed. Green fluorescence of CABYR protein was localized to round (rs) and elongating spermatids (es) in the seminiferous epithelium and to testicular spermatozoa (ts) within the lumen. In round spermatids, staining was observed as a small spot (arrowhead), possibly representing the flagellar organizing center (arrowheads in B and C). In some round cells, dense staining was observed throughout the cytoplasm (* in A). In early elongating spermatids, staining was observed at the posterior pole of the cell as a short, thin strand. As the spermatids matured, staining appeared to broaden and lengthen as the tail lengthened (B, left side of image). In testicular spermatozoa (C), staining was associated with the sperm tail. No fluorescence was observed with the preimmune antiserum. bm, basement membrane; L, lumen; P, pachytene spermatocytes; rs, round spermatids; es, elongating spermatids; ts, testicular spermatozoa. AKAP110), which are protein components of the fibrous sheath (Mandal et al., 1999; Vijayraghavan et al., 1999; Fulcher et al., 1995; Turner et al., 1998) and were previously shown to be phosphorylated during in vitro capacitation.
Motifs in CABYR
CABYR possesses putative motifs for self-assembly and for AKAP binding, and it has an extensin homology. Five motifs containing the consensus sequence Pro-X-X-Pro (PXXP) (Musacchio et al., 1992; Kang et al., 2000) are present in CR-A and three are present in CR-B, providing structural modules for CABYR interactions with other proteins. These proline-rich regions interact with SH3 domains that occur in many proteins and are thought to act as protein-binding structures and may be involved in linking signals transmitted from the cell surface by protein tyrosine kinases (Olivier et al., 1993; Pawson and Schlessinger, 1993) .
The domain in CR-A of CABYR, which possesses similarity to the sperm protein SP17 (Richardson et al., 1994) , includes amino acids 10 -108. Embedded within this SP17 domain at amino acids 12-48 is a region of 46% identity and 59% similarity to the type II regulatory chain of cAMP-dependent protein kinase. This homologous region of the mouse and human RII subunits contains both the dimerization domain and the AKAP-binding region (Newlon et al., 1999) . The dimerization domain is the site responsible for the interaction between individual RII subunits, while the AKAP-binding region, which requires RII dimerization for assembly, mediates binding to A-kinase anchor proteins (AKAPs). The region of RII that is required for high-affinity binding to AKAPs is contained within an X-type four-helix bundle dimerization motif with an extended hydrophobic face (Newlon et al., 1999) , a dimerization motif present in another class of signaling molecules, the S100 proteins, S100B (Rustandi et al., 1998) , and calcyclin (Potts et al., 1995) . By anchoring PK-A to specific regions within a cell, AKAPs direct and specify PK-A action. The RII subunit of PK-A has been demonstrated to bind to two components of the fibrous sheath, AKAP3 (Vijayaraghavan et al., 1999) and AKAP4 (Turner et al., 1998) . AKAP3 localizes to the ribs of the fibrous sheath in human sperm (Mandal et al., 1999) and mouse AKAP4 has been localized to the ribs and longitudinal columns (Johnson et al., 1997) . The presence of the RII regulatory chain dimerization domain in CABYR suggests this region of CABYR may interact with AKAP3 and/or AKAP4, thus contributing to the supermolecular structure of the fibrous sheath. It may also indicate that CABYR is phosphorylated by PK-A. Recently, RII-like AKAP-binding domains have been identified in two additional sperm proteins, ropporin and AKAP-associated sperm protein, and these domains were demonstrated to bind to AKAP3 in a manner homologous to that of RII (Carr et al., 2001) .
A Role for CABYR in Flagellar Calcium Signaling
Intracellular calcium is increased in both head and tail regions in sperm. Additionally, [Ca 2ϩ ] in oscillates with the formation of each flagellar bend and the oscillations occur more rapidly than those observed in other cell types (Suarez et al., 1993; Suarez and Dai, 1995) . The pathway leading to the [Ca 2ϩ ] in rise during hyperactivation is gradually being elucidated. It is generally agreed that the concentration of intracellular Ca 2ϩ in nonhyperactive sperm is maintained at low levels in both head and tail regions, due to the presence of an ATPase-mediated Ca 2ϩ pump (Bradley and Forrester, 1980; Breitbart et al., 1983 Breitbart et al., , 1984 Breitbart et al., , 1985 , a Na ϩ /Ca 2ϩ antiporter, a Ca 2ϩ /H ϩ exchange system in the plasma membrane (Rigoni et al., 1987; Yanagimachi, 1994) , and voltagegated Ca 2ϩ channels Ca v 2.2 and Ca v 2.3 (N-and R-type) (Wennemuth et al., 2000) . Interestingly, the ␣ 1b subunit of the N-type channel localizes to the postacrosomal region and principal piece (Wennemuth et al., 2000) . Some intracellular calcium may be stored or sequestered by calmodulin (Camatini et al., 1986; Moore and Dedman, 1984) and in mitochondria (Irvine and Aitken, 1986) . The observations that a new calcium-binding protein exists in the sperm tail throughout the entire length of the principal piece in association with the fibrous sheath adds another possible molecular component to the calcium-signaling pathway active during hyperactivation. Whether CABYR plays a role in calcium sequestration and episodic release and thus plays a direct role in flagellar motility remains to be formally demonstrated. However, the observations that dephosphorylation abolishes both the formation of the acidic 86-kDa forms and the calcium-binding capacity of these forms points to a role for capacitation-dependent phosphorylation in calcium signaling.
A Structural Model for the Fibrous Sheath Involving CABYR Interaction with Testis-Specific AKAPs
The cloning and localization of CABYR expands the body of information on the protein composition of the fibrous sheath, a cytoskeletal structure that consists of two longitudinal columns connected by semicircular transverse ribs and is unique to the principal piece of the mammalian sperm flagellum. The longitudinal columns replace outer dense fibers 3 and 8 and appear to attach to two minute ridges that project radially from the wall of microtubule doublets 3 and 8 (Fawcett, 1970) . Ultrastructurally, the transverse ribs are composed of a central medulla and a thin limiting cortex (Fawcett, 1970 (Fawcett, , 1975 . Initial interpretations of the fibrous sheath proposed that the opposite locations of the longitudinal columns affected the axis of flagellar beat, although subsequent observations of flagellar motion suggest tail movements are not constrained to a single plane. The hypotheses that the ribs and intervening spaces confer flexibility during flagellar motion and that the sheath overall serves as a protective girdle, providing mechanical resistance during microtubule sliding, remain extant. The extensin motif in CR-B may be particularly germane to this structural function.
Biochemically, the fibrous sheath contains a complex of proteins. One-dimensional SDS-PAGE of isolated fibrous sheaths of mice (Eddy et al., 1991) , rabbits (Kim et al., 1997) , rats (Olson et al., 1976; Oko and Clermont, 1989; Brito et al., 1989; Kim et al., 1995) , and humans (Kim et al., 1997; Jassim et al., 1992) have revealed, in the case of human sperm, as many as 16 silver-stainable protein bands, ranging from 148 to 14.5 kDa (Kim et al., 1997) . Only a few proteins have thus far been characterized and localized to the fibrous sheath, although these proteins have often proven to be encoded by genes showing a testis-specific pattern of expression. The testis-specific A-kinase anchor proteins AKAP3 (Mandal et al., 1999; Vijayaraghavan et al., 1999) and AKAP4 (Carrera et al., 1994; Fulcher et al., 1995; Turner et al., 1998) have been localized to the ribs and longitudinal columns (mouse AKAP4) (Johnson et al., 1997) and the circumferential ribs (human AKAP3) (Mandal et al., 1999) . In addition to postulated structural roles, AKAP3 and AKAP4 have both been shown (Turner et al., 1998; Vijayaraghavan et al., 1999) to bind the regulatory (RII) subunit of cAMP-dependent protein kinase A (PK-A).
Ropporin, another sperm-specific protein that binds rhophilin (Nakamura et al., 1999) has been localized to the inner and outer surfaces of the ribs of the mouse fibrous sheath (Fujita et al., 2000) . Interestingly, ropporin's binding partner, rophilin, binds the GTP-bound form of the GTPase Rho and localizes to the outer surface of the outer dense fibers (Fujita et al., 2000) . Ropporin, like CABYR, has a 40 amino acid sequence at its amino terminus that shows high homology to that of the regulatory subunit of type II cAMP-dependent protein kinase (Fujita et al., 2000) .
The findings of RII homology domains in CABYR as well as ropporin suggest that the testis-specific AKAPs may serve as a scaffold for integrating PK-A, Rho, and calcium signaling. Much work remains to confirm this hypothesis, including demonstration of protein-protein interactions between AKAPs and CABYR and/or ropporin and the fine structural localization of these proteins in complexes. Nonetheless, the idea that the testis-specific AKAPs organize and order calcium and GTPase activities in addition to being sites for PKA action may provide a stimulus to new studies to expand our view of the function of the testisspecific AKAPs and the fibrous sheath.
Capacitation and the Temporal Aspects of CABYR Phosphorylation and Calcium Binding
Almost 50 years have elapsed since the independent discoveries of capacitation by Chang and Austin, but molecular mechanisms to explain this process are not yet fully understood. Our studies of CABYR provide an added dimension to the understanding of capacitation-related molecular events in the flagellum. Although the time course for capacitation in vitro differs from species to species, a median time for in vitro capacitation of human sperm is 3 to 6 h. This time course is similar to that which we have observed for CABYR phosphorylation, leading to the hypothesis that a tyrosine phosphorylation-dependent event resulting in the calcium-binding capacity of CABYR may represent one molecular mechanism underlying the temporal requirements for capacitation and hyperactivation.
